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I. 


INTRODUCTION 


During  ignition  of  gun  charges,  the  propellant  bed  is  subject  to  motion 
and  compaction  due  to  the  action  of  the  ignition  system.  If  conditions  are 
unusual,  as  in  igniter  malfunctions,  the  thrust  experienced  by  the  propellant 
within  the  bed  can  cause  grains  to  achieve  velocities  of  at  least  100  m/s.l 
It  is  important  to  know  how  the  grains  will  respond  upon  impact  with  the 
projectile  base  or  other  grains  within  the  bed  in  order  to  predict  the 
ballistic  performance.  If  the  grains  are  brittle,  significant  fracture  can 
occur  which  will  result  in  the  surface  area  exposed  being  much  greater  than 
that  originally  programed.  Even  if  only  a  small  percentage  of  grains  are 
subject  to  these  fracture  conditions,  large  deviations  in  pressure  can  result 
because  of  the  higher  mass  generation  rate  from  the  larger  surface  area.  It 
would,  therefore,  be  advantageous  to  know  the  fracture  response  of  propellant 
grains  under  conditions  simulating  early  interior  ballistic  environments  from 
both  the  quality  control  and  material  development  standpoints. 

A  drop  weight  mechanical  properties  tester,  which  can  be  used  to  measure 
the  mechanical  properties  of  gun  propellant  grains  at  strain  rates  and 
temperatures  corresponding  to  those  that  may  be  experienced  within  the  gun, 
has  been  valuable  in  characterizing  the  propellant  mechanical  properties  and 
evaluating  response  changes  for  various  propellant  lots, 2, 3  if  the  scatter  in 
the  measured  results  is  to  be  minimized,  however,  the  specimens  tested  must  be 
prepared  so  that  the  grain  ends  are  flat,  parallel,  and  perpendicular  to  the 
longitudinal  cylinder  axis.  These  grain  modifications  have  been  shown  to 
affect  the  fracture  response  of  the  grain,  especially  at  lower  temperatures. 
Grains  that  have  uniform  and  regular  dimensions  show  a  much  greater  resistance 
to  fracture  damage  than  unprepared  or  poorly  prepared  grains.  As  a  result, 
when  this  test  is  used,  the  mechanical  properties  are  measured  well,  but  the 
fracture  response  of  unprepared  grains  has  to  be  estimated  from  the  mechanical 
properties  measurements  or  simply  left  unknown. 

A  gas  gun  impact  tester  was  built,  therefore,  to  determine  the  fracture 
response  of  unprepared  grains  under  conditions  more  like  those  existing  during 
firing.  The  gun,  using  pressurized  nitrogen,  fires  single  propellant  grains 
of  various  diameters  against  a  steel  plate.  A  velocity- temperature  test 
matrix  can  be  created  to  evaluate  the  fracture  response  of  the  grains  at  each 
point.  If  sudden  changes  in  the  fracture  response  occur  at  some  velocity  or 


^W.  G.  Soper,  "Ignition  Waves  in  Gun  Chambers,"  Combustion  and  Flame,  20,  pp 
152-162,  1  973. 

2R.  J.  Lieb,  and  J.  J.  Rocchio,  "Standardization  of  a  Drop  Weight  Mechanical 
Properties  Tester  for  Gun  Propellants,"  Technical  Report  ARBRLr-TR-02516 ,  USA 
ARRADCOM  Ballistic  Research  Laboratory,  Aberdeen  Proving  Ground,  Maryland, 
July  1983-  ADA-132966 . 

^R.  J.  Lieb,  and  J.  J.  Rocchio,  "High  Strain  Rate  Mechanical  Properties 
Testing  on  Lots  of  Solid  Gun  Propellant  with  Deviant  Interior  Ballistic 
Performance,”  1982  JANNAF  Structures  and  Mechanical  Behavior  Subcommittee 
Meeting,  CPIA  Publication  368,  pp  23-38,  October  1982. 


7 


temperature,  and  these  conditions  are  deemed  likely  to  occur  during  the 
ballistic  cycle,  then  potential  performance  or  safety  problems  are  exposed 
without  extensive  firing  programs. 

The  method  of  analysis  used  to  interpret  the  gas  gun  results  is  evolving. 
Presently,  a  semiquantitative  parameter  which  reflects  the  visual  appearance 
of  the  grain  is  used  as  a  figure  of  merit.  This  system  has  many  serious 
drawbacks  but  was  used  in  the  initial  testing  of  the  gas  gun,  A  more 
quantitative  method  that  evaluates  fracture  induced  surface  area  is  under 
development.  The  utility  of  the  gas  gun  as  a  device  that  bridges  the  highly 
controlled,  mechanical  properties  measurements  to  the  evaluation  of  the 
fracture  response  of  the  grains  under  firing  conditions  is  shown  here. 


II.  EXPERIMENTAL  METHOD 


A.  The  Apparatus 

The  gun  fires  a  single,  temperature-conditioned  grain,  at  a  selected 
velocity  and  known  orientation,  onto  a  target;  impact  causes  damage  as 
determined  by  the  kinetic  energy  of  the  grain.  The  pieces  are  collected  after 
a  single  impact  for  later  evaluation  of  damage.  The  gas  gun  system  and 
experimental  set-up  are  illustrated  in  Appendix  A  and  described  below. 
Pressurized  nitrogen  is  used  to  propel  the  grain  and  enters  the  barrel  through 
a  high-volume  solenoid  valve.  The  inside  diameter  of  the  barrel  is  selected 
to  accommodate  the  outside  grain  diameter  so  that  no  sabot  is  required.  The 
barrels  are,  therefore,  interchangeable  and  designed  to  perform  several  tasks. 
Copper  coils  with  an  outside  diameter  of  3*18  mm  (one-eighth  inch)  are  wrapped 
around  the  breech  end  to  provide  uniform  temperature  conditioning  ,  ±0.5°C, 
over  the  length  of  the  grain.  A  thermocouple  is  located  between  the  coil  and 
the  outside  barrel  surface,  and  provides  an  accurate  measurement  of  the  inside 
barrel  temperature.  For  subambient  testing,  liquid  nitrogen  vapor  is 
circulated  through  the  coils.  At  test  temperatures  above  ambient,  the  coils 
are  wrapped  with  an  electric  heating  strip.  Near  the  muzzle,  narrow  slots 
serve  to  exhaust  the  propelling  gas,  which  results  in  nearly  uniform  grain 
velocity  before  impact.  The  slots  are  also  pathways  for  infrared  radiation 
(IR)  which  is  used  in  the  velocity  measurement  of  the  grain.  Of  course,  the 
barrel  serves  its  usual  function  of  controlling  the  grain  orientation  and 
directing  the  grain  onto  the  impact  plate.  To  insure  that  the  grain  does  not 
tumble  significantly  after  leaving  the  barrel,  the  impact  plate  is  placed  only 
a  little  more  than  one  grain  length  away  from  the  muzzle.  The  plate  is  6.35- 
mm  thick  steel  and  has  a  smooth  impact  region.  It  is  made  immobile  by  being 
bolted  to  a  rigid  frame,  so  that  very  little  of  the  kinetic  energy  of  the 
incident  grain  is  absorbed  by  the  plate.  After  impact,  a  soft  fabric  bag 
catches  the  grain  and  any  pieces  that  may  be  generated. 


B.  Velocity  Measurement 

The  propelling  pressures  are  limited  by  the  maximum  rating  of  the 
regulator  that  is  used  on  the  high  pressure  tank.  The  range  used  thus  far  has 
been  from  0  to  1  MPa.  This  produces  typical  velocities  of  30  to  120  m/s. 
This  velocity  is  calculated  from  the  measured  time  of  flight  between  two  pairs 
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of  infrared,  emitter-receiver  diodes.  A  schematic  diagram  of  the  electronic 
circuit  used  to  generate  square  wave  pulses  as  the  grain  breaks  the  IR 
radiation  path  is  shown  in  Figure  A-2,  Appendix  A.  The  pulse  has  a  rise  time 
of  less  than  2  microseconds  so  the  position  of  the  grain  is  defined  within  0.2 
mm  at  100  m/s.  The  sensors  are  typically  10  cm  apart,  so  the  error  in 
velocity  due  to  the  measuring  system  is  less  than  0.2  percent.  The  time 
between  the  beginning  of  the  two  pulses  is  measured  by  feeding  the  output  of 
the  IR  circuits  into  a  Hewlett  Packard,  Model  53 1 ^ A ,  Universal  Counter.  No 
significant  error  is  introduced  by  the  counter  (±100  ns).  Typical  pressure 
and  velocity  results  are  found  in  Table  I.  The  velocity  error  is  the  standard 
deviation  based  on  five  tests  at  each  pressure.  The  magnitude  of  the  velocity 
depends  on  the  barrel  diameter  being  used  and  the  mass  of  the  grain,  but  the 
standard  deviation  in  velocities  remains  about  1  percent. 


Table  I.  Typical  Gas  Gun  Velocities 


Propellant:  JA2 
Grain  Mass:  1.25  gm 


Grain  Diameter  :  8.9  mm 
Barrel  Diameter:  9-2  mm 


Pressure 

Velocity 

kPa 

m/s 

35 

35.9  ±0.5 

70 

42.5  ±  0.3 

140 

55.8  ±  0.6 

280 

67-9  ±  0.7 

420 

77.1  ±  0.6 

560 

84.8  ±  0.8 

875 

95.2  ±  0.7 

In  tests  designed  to  calculate  how  effective  the  barrel  slots  were  in 
venting  the  propelling  gas  and  stopping  grain  acceleration,  a  3.5-cm  plastic 
plug  was  fired  in  the  gas  gun.  Both  the  outputs  from  the  IR  detectors  were 
recorded  on  a  Nicolet  two  channel  digital  oscilloscope.  By  knowing  the  length 
of  the  grain  and  the  distance  between  detectors,  the  average  speed  over  the 
length  of  the  plug  at  the  first  and  second  detector,  as  well  as  the  average 
speed  over  the  inter-detector  distance  could  be  calculated.  The  velocity  at 
the  second  (farthest  from  breech)  detector  averaged  about  1  percent  lower  than 
the  velocity  at  the  first.  The  average  velocities  calculated  between 
detectors  were  very  close  to  the  average  of  the  first  and  second  detector 
velocities.  These  results  indicate  that  the  gas  is  being  effectively  vented. 
Also,  the  higher  velocity  at  the  first  detector  is  probably  due  to 
acceleration  taking  place  while  the  rear  portion  of  the  plug  was  still 
confining  the  propelling  gas.  It  is  indicated  that  the  actual  impact  velocity 
deviates  from  the  measured  value  by  no  more  than  1  or  2  percent. 
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C.  Experimental  Procedure 


With  the  equipment  arranged  as  indicated  in  Appendix  A,  the  distance 
between  the  IR  detectors  is  measured  in  the  following  way.  A  grain  is  loaded 
and  pushed  down  the  barrel  until  the  first  IR  emitter-receiver  pair  is 
activated.  This  position  of  the  ramrod  is  recorded.  The  grain  continues  to 
be  pushed  until  the  second  IR  detector  is  activated.  The  difference  between 
the  two  ramrod  positions  defines  the  distance  over  which  the  time  of  flight  is 
measured.  This  distance  is  used  in  the  velocity  calculation. 

Grains  that  are  fired  at  other  than  ambient  temperatures  must  be 
temperature  conditioned.  Propellant  grains  with  lengths  and  diameters  in  the 
range  of  10  mm  have  been  instrumented  with  thermocouples  and  found  to  fall  to 
within  1  °C  of  the  conditioning  temperature  in  no  more  than  10  minutes  of  being 
placed  in  the  conditioning  chamber.  Equilibrium  of  the  grain  takes  place 
within  this  chamber  by  natural  convection  and  radiation  with  the  ambient 
chamber  environment.  A  minimum  time  of  20  minutes  was,  therefore,  selected 
for  the  conditioning  which  takes  place  outside  the  gun.  No  consideration  was 
given  to  any  phase  or  chemical  changes  which  may  require  much  longer 
equilibrium  times. 

The  barrel  is  brought  to  the  subambient  firing  temperature  by  controlling 
the  flow  of  liquid  nitrogen  vapor  through  the  conditioning  portion  of  the 
barrel.  The  coils  are  wrapped  in  insulating  material  and  extend  at  least  2  cm 
beyond  either  end  of  the  loaded  propellant  grain.  Superambient  conditioning 
is  controlled  by  adjusting  the  electric  current  in  the  wrapped  heating  strip. 
In  either  case,  the  temperature  difference  over  the  volume  of  the  grain  is 
less  than  one  half  degree.  The  temperature  stability  within  the  barrel  should 
be  at  least  1°C  per  minute  or  less. 

Once  the  approximate  firing  temperature  is  attained,  the  conditioned 
grain  is  taken  from  the  conditioning  chamber  and  loaded  into  the  barrel.  A 
flexible  hose  with  a  quick  connector  is  used  between  the  barrel  and  the  low 
pressure  reservoir.  This  enables  transfer  of  the  grain  into  the  center  of  the 
conditioned  region  of  the  barrel  within  5  seconds.  If  conditioned  tweezers 
are  used,  nearly  all  effects  of  the  transfer  on  the  temperature  of  the  grain 
are  eliminated. 

The  low  pressure  reservoir  is  then  pressurized  corresponding  to  the 
desired  velocity,  the  universal  counter  is  set,  and  the  solenoid  valve  is 
remotely  opened  when  the  proper  temperature  is  reached.  The  velocity  is 
calculated  by  dividing  the  distance  between  IR  detectors,  measured  earlier,  by 
the  time  of  flight.  The  fired  grain  and  any  fragments  are  then  recovered  from 
the  fabric  bag  for  later  analysis. 


D.  Analysis 

In  tests  conducted  thus  far,  a  semi- empirical  parameter  called  the  total 
fracture  number  (TFN)  has  been  used  to  evaluate  the  grain  damage.  This 
somewhat  subjective  index  is  calculated  for  each  set  of  initial  conditions, 
i.e.,  impact  velocity  and  temperature,  and  permits  ranking  of  propellants  by 
degree  of  fracture. 


The  TFN  is  computed  in  the  following  way.  If  N  grains  are  tested,  each 
grain  is  assigned  a  fracture  number  (FN)  from  0  to  10.  If  no  fracture  occurs 
the  FN  =  0.  If  chipping  of  the  impact  surface  occurs,  then  the  FN  =  1.  If 
the  grain  fractures  more  severely,  the  FN  equals  the  number  of  larger  shards. 
If  the  number  of  shards  is  greater  than  ten,  then  the  FN  =  10.  Figure  1 
shows  an  undamaged  whole  grain  before  firing.  Figure  2  shows  grains  with 
various  degrees  of  damage  and  the  corresponding  assigned  FN's.  The  TFN  equals 
ten  times  the  sum  of  the  individual  FN’s  divided  by  N.  This  gives  the  TFN 
scale  a  one  hundred-point  range.  The  TFN,  then,  will  indicate  the  overall 
severity  of  fracture  suffered  by  the  grains  during  impact.  Table  II 
represents  a  guide  for  the  interpretation  of  the  TFN.  A  more  quantitative 
parameter  based  on  surface  area  extractions  from  closed  bomb  tests  using 
damaged  grains  is  being  developed  to  replace  this  simple  scale. 


Table  II.  Interpretation  of  TFN  Parameter. 


TFN 

0 

5-15 
15-40 
40  -  65 


65  -  100 


E.  Gun  Propellant  Tests 

JA2  propellant,  Lot  RAD  8 1 E00 1  S1 1 0 ,  and  M30  propellant,  Lot  RAD  67878, 
(description  sheets  can  be  found  in  Appendix  B)  were  used  in  the  gas  gun 
tester  in  order  to  compare  their  fracture  responses.  Tests  were  conducted  at 
room  temperature  (23°C),  0°C,  -10°C,  -20°C,  -30°C,  -40°C  and  -46°C.  For  each 
temperature,  the  impact  velocities  ranged  from  30  to  about  100  m/s  with  five 
samples  tested  at  each  velocity.  The  total  fracture  number  was  calculated 
for  each  temperature- velocity  combination,  as  described  in  the  previous 
section. 


Likely  Result 
No  fracture. 

Chipping. 

Fracture  into  a  few  large  shards. 

Fracture  into  4-6  larger 
pieces  with  few  fine  particles. 

Fracture  into  many  pieces  with 
significant  amount  of  fine 
particles. 


Figure  1.  Unmodified  JA2  Grain  Used  in  the  Gas  Gun  Impact  Tester. 


Figure  2.  JA2  Grains  Damaged  in  the  Gas  Gun 
and  the  Assigned  Fracture  Numbers. 
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III. 


RESULTS  AND  DISCUSSION 


A.  The  Device 

The  gas  gun  impact  tester  can  deliver  a  single  grain  of  gun  propellant  at 
a  selected  velocity  (between  30  and  120  m/s)  and  temperature  (between  -50  and 
60°C)  against  an  impact  plate  for  fracture  response  evaluation.  The 
velocities  have  about  a  1  percent  precision  and  seem  to  be  within  about  1  to  2 
percent  of  the  calculated  values.  Once  the  gun  and  samples  are  conditioned, 
the  maximum  rate  of  testing  is  about  one  firing  per  2  minutes. 


B.  The  Gun  Propellant  Tests 

The  results  for  the  JA2  and  M30  tests  are  given  in  Figures  3  and  and 
show  the  Total  Fracture  Number  vs  Velocity  for  each  propellant.  From  the 
data,  it  is  clear  that  there  was  a  significant  difference  in  the  fracture 
characteristics  of  the  two  propellants.  M30  fractured  at  all  temperatures. 
It  fractured  more  than  JA2  at  higher  temperatures  (above  -20°C)  and  less  than 
JA2  at  lower  temperatures  (below  -30°C).  M30  also  showed  a  uniform  increase 
in  the  amount  of  fracture  as  the  velocity  was  increased  or  as  the  temperature 
was  lowered.  This  indicates  that  fracture  may  play  an  integral  role  in  the 
ballistic  performance  of  the  M30  propellant.  In  contrast,  JA2  had  no 
significant  fracture  at  any  velocity  down  to  -10°C.  Below  -20°C  JA2 
demonstrated  a  significant  increase  in  its  susceptibility  to  brittle  fracture. 
The  data  also  indicate  that  at  low  temperatures  the  fracture  increased 
dramatically  above  an  impact  velocity  of  about  65  m/s.  This  sudden  change  in 
fracture  susceptibility  may  be  severe  enough  to  produce  anomalous  interior 
ballistic  behavior  at  -30°C  that  is  worse  than  at  lower  temperatures  because 
of  the  higher  burning  rate  at  -30°C. 


C.  Future  Modifications  and  Analysis 

To  obtain  more  information  about  the  fracture  event,  the  propellant 
grains  will  be  impacted  against  a  piezoelectric  force  gage  instead  of  the 
plate.  Tests  with  plastic  plugs  have  shown  that  the  force-time  curve  can 
easily  be  recorded.  The  impulse  of  the  collision  (the  integral  of  the  force 
vs  time  curve  for  the  impact  event)  against  the  force  gage  was  found  to  be 
1.65  times  the  momentum  of  the  plug  just  before  impact,  which  is  a  very 
reasonable  value  for  this  type  of  collision  (in  an  ideal  elastic  collision 
this  value  is  2,  and  for  a  totally  inelastic  collision  it  is  1).  The  force¬ 
time  profile  will  reveal  when  fracture  occurs  and,  if  flat-ended  samples  are 
used,  failure  stresses  can  be  calculated. 

High  speed  photography  can  also  be  implemented  to  show  how  the  grain 
impacts,  and  how  fracture  proceeds.  The  velocity  and  stress  information  from 
the  other  instrumentation  could  also  be  checked  with  the  film  record. 

The  most  immediate  need  is  the  development  of  a  quantitative  analysis 
technique  to  measure  the  degree  of  fracture  damage.  The  direction  in  current 
interior  ballistic  theory  development  is  to  treat  the  propellant  grains  as 
real  particles,  capable  of  deformation  or  damage,  rather  than  as  the  idealized 
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Figure  3*  Total  Fracture  Number  vs  Velocity  for  M30 
from  Room  Temperature  to  -1|6°C. 


Figure  1|.  Total  Fracture  Number  vs  Velocity  for  JA2 
from  Room  Temperature  to  -1|6°C 


infinitely  stiff,  nondef  or  m  abl  e  entities  as  currently  described.  A 
quantitative  measure  of  fracture  damage  would  permit  such  a  treatment.  This, 
in  turn,  would  permit  the  computation  of  augmented  mass  generation  rates  as  a 
result  of  grain  damage.  Such  a  capability  would  dramatically  improve  the 
ability  to  predict  catastrophic  events  in  guns. 


This  future  quantitative  damage  analysis  will  be  based  on  experimentally 
determined  changes  of  the  propellant  surface  area  profile  vs  mass  fraction 
burned,^  The  technique  involves  the  use  of  the  "inverse  reduction"  mode  of 
CBRED2,  a  closed  bomb  analysis  program.  In  this  method,  measured  burning 
rates  of  undamaged  grains  are  used  as  input  in  analyzing  the  pressure-time 
histories  of  closed  bomb  firings  of  damaged  propellant  grains.  The  output 
from  the  computations  is  surface  area  vs  mass  fraction  burned.  Efforts  to 
extract  meaningful  numbers  from  this  analysis  procedure  are  in  progress,  and 
the  results  will  lead  to  greater  insight  into  the  effects  of  fracture  and, 
more  importantly,  numbers  that  can  be  used  to  predict  performance. 


IV.  CONCLUSIONS 

A  technique  has  been  developed  to  evaluate  the  fracture  response  of  gun 
propellant  to  impacts  at  velocities  from  0  to  120  m/s  over  a  temperature  range 
of  -50  to  60°C.  The  gas  gun  device  measures  impact  velocities  within  2 
percent  and  provides  a  temperature  conditioned  barrel  to  ensure  that  impact 
conditions  are  well  known.  Tests  using  the  technique  have  been  performed  on 
two  different  propellant  formulations  under  the  same  testing  conditions  and  a 
fracture  response  difference  has  been  measured  and  interpreted.  The  technique 
serves  a  valuable  role  in  an  effort  to  link  standard,  highly  structured 
mechanical  properties  testing,  with  fracture  response  evaluation  under 
conditions  more  closely  approximating  early  ignition  within  the  gun  tube. 
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APPENDIX  A 

Gas  Gun  Impact  Tester 
Description 
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Pressure  Valve  7  Tube  v  Slots  .  Shard  _  Impact 
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Figure  A-1.  Schematic  Diagram  of  the  Gas  Gun  Impact  Tester. 


100 
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Figure  A-2.  Schematic  Diagram  of  the  Infrared  Detectors  and  Pulse  Generator. 


a.  3as  Gun  Impact  Tester. 


b.  Quick-Fit  Connection  at 
the  Breech. 


c.  Breech  Showing  Flexible  Connection 
and  Temperature  Controlled  Region. 


d.  Infrared  Sensors,  Shard  Bag,  and 
Impact  Plate  at  Muzzle. 


e.  Slots  Permitting  Nitrogen  Exhaust 
and  Velocity  Measurement. 


Figure  A-3.  Photographs  of  the  Gas  Gun  and  Its  Components. 
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Table  A-I.  List  of  Commercially  Available  Gas  Gun  Components 


Temperature  Measurement : 
Time-of  Flight  Measurement: 
Low  Pressure  Reservoir: 

High  Volume  Valve: 

Flexible  Hose: 


Omega,  Model  199*  Digital  Display  Thermocouple. 

Hewlett-Packard,  Model  53 1  ^1 A ,  Universal  Counter. 

Whitey,  Model  1IEK080-301)  L-HDEA-1 000CC,  Stainless 
Steel  Cylinder. 

Automatic  Switch  Company,  Model  821 0C7,  Solenoid 
Shut  Off  Valve. 

Swagelok,  Model  SS-8HO-1-8-S8,  0.5"  ID  with 
Quick  Connects. 


Quick  Connector 
Stem 


Tube 


^ - 15  CM - T 

Slots'^ 


(Minimum  width  —  3  mm) 


m 


-—A 


Figure  A-l).  The  Barrel,  Consisting  of  a  Selected  Diameter  Tube 
with  Slots  near  the  Muzzle  Inserted  into  a  Quick  Connector. 
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APPENDIX  B 

Propellant  Description  Sheets 
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US  Army  Communications 
Research  and  Development 
Command 

ATTN :  AMSEL-ATDD 

Fort  Monmouth,  NJ  07703 

1  Commander 

US  Army  Electronics  Research 
and  Development  Command 
Technical  Support  Activity 
ATTN:  DELSD-L 

Fort  Monmouth,  NJ  07703 

1  Commander 

US  Army  Harry  Diamond  Lab. 
ATTN:  DELHD-TA-L 
2800  Powder  Mill  Road 
Adelphi ,  MD  20783 

1  Commander 

US  Army  Missile  Command 

ATTN :  AMSMI-R 

Redstone  Arsenal,  AL  35898 

1  Commander 

US  Army  Missile  Command 
ATTN :  AMSMI-YDL 

Redstone  Arsenal,  AL  35898 
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1  Commandant 

US  Army  Aviation  School 
ATTN:  Aviation  Agency 

Fort  Rucker,  AL  36360 

1  Commander 

US  Army  Tank  Automotive 
Command 

ATTN:  AMSTA-TSL 

Warren,  MI  48090 

1  US  Army  Tank  Automotive 
Command 

ATTN:  AMSTA-CG 

Warren,  MI  48090 

1  Project  Manager 
Improved  TOW  Vehicle 
ATTN:  AMCPM-ITV 

US  Army  Tank  Automotive 
Command 

Warren,  MI  48090 

2  Program  Manager 

Ml  Abrams  Tank  System 
ATTN :  AMCPM-GMC-SA , 

T.  Dean 

Warren,  MI  48090 

1  Project  Manager 

Fighting  Vehicle  Systems 
ATTN:  AMCPM-FVS 
Warren,  MI  48090 

1  President 

US  Army  Armor  &  Engineer  Bd 

ATTN:  STEEB-AD-S 

Fort  Knox,  KY  40121 

1  Project  Manager 

M-60  Tank  Development 
ATTN :  AMCPM“M60TD 

Warren,  MI  48090 

1  Commander 

US  Army  Training  &  Doctrine 
Command 

ATTN:  ATCD-MA/  MAJ  Williams 
Fort  Monroe,  VA  23651 
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1  Director 

US  Army  TRADOC  Systems 
Analysis  Activity 
ATTN:  ATAA-SL 

White  Sands  Missile  Range, 
NM  88002 

2  Commander 

US  Army  Materials  and 
Mechanics 
Research  Center 
ATTN:  AMXMR-ATL 

Tech  Library 
Watertown,  MA  02172 

1  Commander 

US  Army  Research  Office 
ATTN:  Tech  Library 

P.  0.  Box  12211 
Research  Triangle  Park,  NC 
27709 

1  Commander 

US  Army  Mobility  Equipment 
Research  &  Development 
Command 

ATTN:  AMDME-WC 

Fort  Belvoir,  VA  22060 

1  Commander 

US  Army  Logistics  Mgrat  Ctr 
Defense  Logistics  Studies 
Fort  Lee,  VA  23801 

1  Commandant 

US  Army  Infantry  School 
ATTN:  ATSH-CD-CSO-OR 

Fort  Benning,  GA  31905 

1  Commandant 

Command  and  General  Staff 
College 

Fort  Leavenworth,  KS  66027 

1  Commandant 

US  Army  Special  Warfare 
School 

ATTN:  Rev  &  Tng  Lit  Div 

Fort  Bragg,  NC  28307 
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1  Commandant 

US  Army  Engineer  School 

ATTN:  ATSE-CD 

Ft.  Belvoir,  VA  22060 

1  Commander 

US  Army  Foreign  Science  & 
Technology  Center 
ATTN:  AMXST— MC-3 
220  Seventh  Street,  NE 
Charlottesville,  VA  22901 

1  President 

US  Army  Artillery  Board 
Ft.  Sill,  OK  73503 

2  Commandant 

US  Army  Field  Artillery 
School 

ATTN:  ATSF-CO-MW,  B.  Willis 
Ft.  Sill,  OK  73503 

3  Commandant 

US  Army  Armor  School 
ATTN:  ATZK-CD-MS 
M.  Falkovitch 
Armor  Agency 
Fort  Knox,  KY  40121 

1  Chief  of  Naval  Materiel 
Department  of  the  Navy 
ATTN:  J.  Amlie 

Arlington,  VA  20360 

1  Office  of  Naval  Research 
ATTN:  Code  473,  R.  S.  Miller 
800  N.  Quincy  Street 
Arlington,  VA  22217 

2  Commander 

Naval  Sea  Systems  Command 
ATTN:  SEA-62R2, 

R.  Beauregard 
C.  Christensen 
National  Center,  Bldg.  2 
Room  6E08 

Washington,  DC  20360 


No.  Of 

Copies  Orga nization 

1  Commander 

Naval  Air  Systems  Command 
ATTN:  N AIR-9 5 4-Tech  Lib 

Washington,  DC  20360 

1  Director 

Navy  Strategic  Systems 
Project  Office 
Dept,  of  the  Navy 
Rm.  901 

ATTN:  J.  F.  Kincaid 

Washington,  D.C.  20360 

1  Assistant  Secretary  of  the 
Navy  (R,  E,  and  S) 

ATTN:  R.  Reichenbach 

Room  5E787 
Pentagon  Bldg. 

Washington,  DC  20350 

1  Naval  Research  Lab 
Tech  Library 
Washington,  DC  20375 

2  Commander 

US  Naval  Surface  Weapons 
Center 

ATTN:  J.  P.  Consaga 

C.  Gotzmer 

Silver  Spring,  MD  20910 
5  Commander 

Naval  Surface  Weapons  Center 
ATTN:  Code  G33,  J.  L.  East 

W.  Burrell 
J.  Johndrow 
Code  G23 ,  D.  McClure 
Code  DX-21  Tech  Lib 
Dahlgren,  VA  22448 

4  Commander 

Naval  Surface  Weapons  Center 
ATTN:  S.  Jacobs/Code  240 

Code  730 

K.  Kim/Code  R-13 
R.  Bernecker 
Silver  Spring,  MD  20910 
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4  Commander 

Naval  Weapons  Center 
ATTN:  Code  388,  R.  L.  Derr 

C.  F.  Price 
T.  Boggs 
Info  Sci  Div 
China  Lake,  CA  93555 

2  Commander 

Naval  Underwater  Weapons 
Research  and  Engineering 
Station 

Energy  Conversion  Dept. 

ATTN:  CODE  5B331,  R.  S.  Lazar 
Tech  Lib 

Newport,  RI  02840 

2  Superintendent 

Naval  Postgraduate  School 
Dept,  of  Mechanical 
Engineering 
ATTN:  A.  E.  Fuhs 

Code  1424  Library 
Monterey,  CA  93940 

1  Program  Manager 
AFOSR/ ( SREP ) 

Directorate  of  Aerospace 
Sciences 

ATTN:  L.  H.  Caveny 

Bolling  AFB ,  DC  20332 

5  Commander 

Naval  Ordnance  Station 
ATTN:  P.  L.  Stang 

J.  Birkett 
S.  Mitchell 
D.  Brooks 
Tech  Library 
Indian  Head,  MD  20640 

1  AFSC/SDOA 

Andrews  AFB,  MD  20334 

1  AFFTC 

ATTN:  SSD-Tech  Lib 

Edwards  AFB,  CA  93523 


6  AFRPL  (DYSC) 

ATTN:  D.  George 

J.  N.  Levine 
B.  Goshgarian 
D.  Thrasher 
N.  Vander  Hyde 
Tech  Library 
Edwards  AFB,  CA  93523 

1  AFATL/DLYV 

Eglin  AFB,  FL  32542 

1  AFATL/DLXP 

ATTN:  W.  Dittrich 

Eglin  AFB,  FL  32542 

1  AFATL/DLDL 

ATTN:  0.  K.  Heiney 

Eglin  AFB,  FL  32542 

1  AFATL/DLODL 

ATTN:  Tech  Lib 

Eglin  AFB,  FL  32542 

1  AFWAL/F IBC 

ATTN:  TST-Lib 

Wright-Patterson  AFB,  OH 
45433 

1  AFWL/SUL 

Kirtland  AFB,  NM  87117 

1  General  Applied  Sciences  Lab 
ATTN:  J.  Erdos 

Merrick  &  Stewart  Avenues 
Westbury,  NY  11590 

1  Aerodyne  Research,  Inc. 
Bedford  Research  Park 
ATTN:  V.  Yousef ian 

Bedford,  MA  01730 

1  Aerojet  Solid  Propulsion  Co. 
ATTN:  P.  Micheli 

Sacramento,  CA  95813 
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1  Atlantic  Research  Corporation 
ATTN:  M.  K.  King 

5390  Cheorokee  Avenue 
Alexandria,  VA  2231 A 

1  AVCO  Everett  Rsch  Lab 

ATTN:  D.  Stickler 

2385  Revere  Beach  Parkway 
Everett,  MA  02149 

2  Calspan  Corporation 

ATTN:  Tech  Library 

P.  0.  Box  400 
Buffalo,  NY  14225 

1  Foster  Miller  Associates 
ATTN:  A.  Erickson 

135  Second  Avenue 
Waltham,  MA  02154 

1  Commander 

US  Army  Development  and 
Employment  Agency 
ATTN :  M0DE-TED-SAB 
Ft.  Lewis,  WA  98433 
1  General  Electric  Company 
Armament  Systems  Dept. 

ATTN:  M.  J.  Bulman, 

Room  1311 
Lakeside  Avenue 
Burlington,  VT  05401 

1  IITRI 

ATTN:  M.  J.  Klein 

10  W.  35th  Street 
Chicago,  IL  60616 

1  Hercules  Powder  Co. 

Allegheny  Ballistics  Lab 
ATTN:  R.  B.  Miller 

P.  0.  Box  210 
Cumberland,  MD  21501 

1  Hercules,  Inc 
Bacchus  Works 
ATTN:  K.  P.  McCarty 
P.  0.  Box  98 
Magna,  UT  84044 
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1  Hercules,  Inc. 

Eglin  Operations 
AFATL  DLDL 
ATTN:  R.  L.  Simmons 

Eglin  AFB ,  FL  32542 

1  Olin  Corporation 

Badger  Army  Ammunition  Plant 
ATTN:  R.  J.  Thiede 

Baraboo,  WI  53913 

1  Lawrence  Livermore 

National  Laboratory 
ATTN:  M.  S.  L-355, 

A.  Buckingham 
P.  0.  Box  808 
Livermore,  CA  94550 

1  Lawrence  Livermore 

National  Laboratory 
ATTN:  M.  S.  L-355 
M.  Finger 
P.  0.  Box  808 
Livermore,  CA  94550 

1  Olin  Corporation 

Smokeless  Powder  Operations 
ATTN:  R.  L.  Cook 

P.0.  Box  222 
St.  Marks,  FL  32355 

1  Paul  Gough  Associates,  Inc. 
ATTN:  P.  S.  Gough 

P.  0.  Box  1614, 

1048  South  St. 

Portsmouth,  NH  03801 

1  Physics  International  Company 
2700  Merced  Street 
San  Leandro,  CA  94577 

1  Princeton  Combustion  Research 
Lab. ,  Inc. 

ATTN:  M.  Summerf ield 

475  US  Highway  One 

Monmouth  Junction,  NJ  08852 
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2  Rockwell  International 
Rocketdyne  Division 

ATTN:  BA08  J.  E.  Flanagan 

J •  Gray 

6633  Canoga  Avenue 
Canoga  Park,  CA  91304 

1  Science  Applications,  Inc. 
ATTN:  R.  B.  Edelman 

23146  Cumorah  Crest 
Woodland  Hills,  CA  91364 

3  Thiokol  Corporation 

Huntsville  Division 
ATTN:  D.  Flanigan 

R.  Glick 
Tech  Library 
Huntsville,  AL  35807 

1  Scientific  Research 
Assoc. , Inc. 

ATTN:  H.  McDonald 

P.0.  Box  498 
Glastonbury,  CT  06033 

2  Thiokol  Corporation 
Wasatch  Division 
ATTN:  J.  Peterson 

Tech  Library 
P.  0.  Box  524 
Brigham  City,  UT  84302 

2  Thiokol  Corporation 
Elkton  Division 
ATTN:  R.  Biddle 

Tech  Lib. 

P.  0.  Box  241 
Elkton,  MD  21921 

2  United  Technologies 

Chemical  Systems  Division 
ATTN:  R.  Brown 

Tech  Library 
P.  0.  Box  358 
Sunnyvale,  CA  94086 


1  Universal  Propulsion  Company 
ATTN:  H.  J.  McSpadden 

Black  Canyon  Stage  1 
Box  1140 

Phoenix,  AZ  85029 

1  Veritay  Technology,  Inc. 

ATTN:  E.  B.  Fisher 
P.  0.  Box  22 
Bowmans vi lie ,  NY  14026 

1  Battelle  Memorial  Institute 
ATTN:  Tech  Library 

505  King  Avenue 
Columbus,  OH  43201 

1  Brigham  Young  University 

Dept,  of  Chemical  Engineering 
ATTN:  M.  Beckstead 
Provo,  UT  84601 

1  California  Institute  of  Tech 
204  Karman  Lab 
Main  Stop  301-46 
ATTN:  F.  E.  C.  Culick 

1201  E.  California  Street 
Pasadena,  CA  91109 

1  California  Institute  of  Tech 
Jet  Propulsion  Laboratory 
4800  Oak  Grove  Drive 
Pasadena,  CA  91103 


1  University  of  Illinois 
Dept  of  Mech  Eng 
ATTN:  H.  Krier 

144  MEB,  1206  W.  Green  St 
Urbana,  IL  61801 

1  University  of  Massachusetts 
Dept,  of  Mechanical 
Engineering 
ATTN:  K.  Jakus 
Amherst,  MA  01002 
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1  University  of  Minnesota 
Dept,  of  Mechanical 
Engineering 
ATTN:  E.  Fletcher 

Minneapolis,  MN  55455 

1  Case  Western  Reserve 
University 

Division  of  Aerospace 
Sciences 
ATTN:  J.  Tien 

Cleveland,  OH  44135 

1  Institute  of  Gas  Technology 
ATTN:  D.  Gidaspow 

3424  S.  State  Street 
Chicago,  IL  60616 

3  Georgia  Institute  of  Tech 
School  of  Aerospace  Eng. 

ATTN:  B.  T.  Zinn 

E.  Price 
W.  C.  Strahle 
Atlanta,  GA  30332 

1  Johns  Hopkins  University 
Applied  Physics  Laboratory 
Chemical  Propulsion 
Information  Agency 
ATTN:  T.  Christian 

Johns  Hopkins  Road 
Laurel,  MD  20707 

1  Massachusetts  Institute  of 
Tech nology 

Dept  of  Mechanical  Engineering 
ATTN:  T.  Toong 

77  Massachetts  Avenue 
Cambridge,  MA  02139 

1  Pennsylvania  State  College 
Applied  Research  Lab 
ATTN:  G.  M.  Faeth 

P.  0.  Box  30 
State  College,  PA  16801 
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1  Pennsylvania  State  University 
Dept.  Of  Mechanical 
Engineering 
ATTN:  K.  Kuo 

University  Park,  PA  16802 

1  Purdue  University 

School  of  Mechanical 
Engineering 
ATTN:  J.  R.  Osborn 

TSPC  Chaffee  Hall 
West  Lafayette,  IN  47906 

1  SRI  International 

Propulsion  Sciences  Division 
ATTN:  Tech  Library 

333  Ravenswood  Avenue 
Menlo  Park,  CA  94023 

1  Rensselaer  Polytechnic  Inst. 
Department  of  Mathematics 
Troy,  NY  12181 

1  Stevens  Institute  of 
Technology 
Davidson  Laboratory 
ATTN:  R.  McAlevy,  III 

Castle  Point  Station 
Hoboken,  NJ  07030 

1  Rutgers  University 

Dept,  of  Mechanical  and 
Aerospace  Engineering 
ATTN:  S.  Temkin 

University  Heights  Campus 
New  Brunswick,  NJ  08903 

1  Director 

Los  Alamos  National  Lab 

ATTN:  T.D.  Butler 

MS  B216 

P.  0.  Box  1663 

Los  Alamos,  NM  87545 

1  University  of  Southern 
California 

Mechanical  Engineering  Dept. 
ATTN:  0HE200,  M.  Cerstein 

Los  Angeles,  CA  90007 
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2  University  of  Utah 

Dept,  of  Chemical  Engineering 
ATTN:  A.  Baer 

G.  Flandro 

Salt  Lake  City,  UT  84112 

1  Washington  State  University 
Dept,  of  Mechanical 
Engineering 
ATTN:  C.  T.  Crowe 

Pullman,  WA  99163 


Aberdeen  Proving  Ground 

Dir,  USAMSAA 
ATTN:  AMXSY  ~D 

AMXSY  -MP,  H.  Cohen 
Cdr ,  USATECOM 

ATTN :  AMSTE  -TO-F 

STEAP-MT,  S.  Walton 
G.  Rice 
D.  Lacey 
C.  Herud 

Dir,  HEL 

ATTN:  J.  Weisz 
Cdr,  CRDC ,  AMCCOM 

ATTN:  SMCCR-RSP-A 

SMCCR-MU 
SMCCR-SPS-IL 
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